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Increases in the complexity of self‐organizing systems can be considered to result from three features of the self‐organization process, namely multiplicity, interconnection, and integration.[1](#anie201603916-bib-0001){ref-type="ref"} The first parameter, multiplicity, has recently been shown to play a central role in the formation of convergent and divergent two‐dimensional (2D) coordination networks on metal surfaces.[2](#anie201603916-bib-0002){ref-type="ref"}, [3](#anie201603916-bib-0003){ref-type="ref"}, [4](#anie201603916-bib-0004){ref-type="ref"}, [5](#anie201603916-bib-0005){ref-type="ref"}, [6](#anie201603916-bib-0006){ref-type="ref"}, [7](#anie201603916-bib-0007){ref-type="ref"}, [8](#anie201603916-bib-0008){ref-type="ref"}, [9](#anie201603916-bib-0009){ref-type="ref"}, [10](#anie201603916-bib-0010){ref-type="ref"}, [11](#anie201603916-bib-0011){ref-type="ref"} In the low‐multiplicity, convergent case, ditopic ligands of high symmetry form monolayer coordination networks with co‐sublimed metal atoms, such as cobalt, on low‐index metal surfaces.[9](#anie201603916-bib-0009){ref-type="ref"} The growth of highly regular and periodic arrangements is due to the preference for a single binding motif, which is enhanced by self‐correction mechanisms. The lateral symmetry restrictions of low‐index metal surfaces then result in monolayers with extremely high 2D periodicity and regularity. In the high‐multiplicity, divergent case, the formation of products with inversion symmetry is avoided. The use of non‐linear prochiral ligands that can undergo isomerization on the surface by restricted rotation about single bonds leads to the formation of robust, disordered coordination networks with transition‐metal centers in different coordination environments.[10](#anie201603916-bib-0010){ref-type="ref"} This coordinative multiplicity originates from the parallel expression of different coordination modes, leading to strictly non‐periodic string‐ or bifurcation‐like coordination motifs with increasing complexity; such processes are referred to as divergent coordination chemistry.[10](#anie201603916-bib-0010){ref-type="ref"}, [11](#anie201603916-bib-0011){ref-type="ref"}

Following the proposition that such self‐organization processes are equally responsible for the dynamic generation of molecular and supramolecular diversity and complexity in three‐dimensional (3D) bulk structures,[12](#anie201603916-bib-0012){ref-type="ref"}, [13](#anie201603916-bib-0013){ref-type="ref"}, [14](#anie201603916-bib-0014){ref-type="ref"}, [15](#anie201603916-bib-0015){ref-type="ref"} we herein report on the complexation of a homoditopic ligand with two tridentate chelates with iron(II) and the accompanying tautomerism‐driven emergence of complexity. Whereas a number of ligands with tridentate chelates and tautomeric subunits have previously been described,[16](#anie201603916-bib-0016){ref-type="ref"}, [17](#anie201603916-bib-0017){ref-type="ref"}, [18](#anie201603916-bib-0018){ref-type="ref"}, [19](#anie201603916-bib-0019){ref-type="ref"}, [20](#anie201603916-bib-0020){ref-type="ref"} we are not aware of any examples that describe the presence of different tauto‐conformers and the parallel formation of isomeric reaction products. For our studies, we designed a homoditopic ligand **L**, which consists of two tridentate 2‐(1*H*‐imidazol‐2‐yl)‐6‐(pyrazol‐1‐yl)pyridine units interlinked via a central benzo\[1,2‐*d*:4,5‐*d*′\]diimidazole bridge (magenta, Figure [1](#anie201603916-fig-0001){ref-type="fig"} a). The bridging unit can (simultaneously) undergo two tautomerization processes of the secondary amine and imine functional groups. In addition, conformational isomers can be formed by rotation about the single bonds between the aromatic ring systems in the backbone of **L** (Figure [1](#anie201603916-fig-0001){ref-type="fig"} a). The rotation barriers of the single bonds connecting the pyridine and imidazole subunits enable two in‐plane conformations, the so‐called S and C conformations, **L~S~** and **L~C~** (this denomination arises from their apparent shape, see Figure [1](#anie201603916-fig-0001){ref-type="fig"} c).

![a) The conformational isomerism and tautomerism of **L**. b) Molecular structure of **L~s~** as determined by single‐crystal X‐ray diffraction (C black, H white, N green). c) The resulting **L~S~** and **L~C~** conformers of **L** as found in solution. d) ^1^H NMR spectrum (in \[D~6~\]‐DMSO) showing the presence of **L~S~** and **L~C~** in a 1:1 ratio. The protons were assigned using the color codes shown in (c) and (d).](ANIE-55-10881-g001){#anie201603916-fig-0001}

Both tauto‐conformers are able to coordinate metal ions in two tridentate binding pockets. The molecular structure of **L** was determined by single‐crystal X‐ray diffraction, which showed that **L** is present in its **L~S~** form in the solid state (Figure [1](#anie201603916-fig-0001){ref-type="fig"} b). A solution sample of **L** was investigated by ^1^H NMR spectroscopy, and the expected resonance sets for the peripheral pyrazole rings (green) and the neighboring pyridine rings (blue) could be identified. The central benzene moiety gives rise to three singlet resonances for the two H atoms with an integral ratio of 1:2:1 (Figure [1](#anie201603916-fig-0001){ref-type="fig"} d, red/black). Within the accuracy of ^1^H NMR spectroscopy, the observed pattern can be attributed to the presence of the two tauto‐conformers, **L~S~**/**L~C~**, in a 1:1 ratio in solution. Whereas the two benzene‐based H atoms of the S conformer (H^α^) are equivalent with an overall integral of 2H (Figure [1](#anie201603916-fig-0001){ref-type="fig"} d, black), the same two H atoms (H^β^ and H^γ^) are not equivalent in the C conformer, which leads to two separated singlet resonances with integration values of 1 H atom each (red). Additional evidence for an **L~S~**/**L~C~** ratio of 1:1 in solution is described in the Supporting Information.

The different chelating modes of **L** were read out by coordination of transition‐metal ions. If the read‐out takes place strictly in parallel,[10](#anie201603916-bib-0010){ref-type="ref"} multiple products differing in their structures and properties should be observed. The equimolar reaction of Fe^II^(CF~3~SO~3~)~2~ with **L** gives a red solution, as is typical for Fe^II^ polypyridyl systems. To get more insight, the crude solution was investigated by ESI‐MS (see the Supporting Information, SI3.1, SIFig. 13, and SITable 1), which revealed the presence of tetrameric complexes of the type \[Fe~4~L~4~(CF~3~SO~3~)~*x*~−*y* H\]^*z*+^ (*z=*8−*y*−*x*) as well as of trimers of the formula \[Fe~3~L~3~(CF~3~SO~3~)~*x*~−*y* H\]^*z*+^ (*z=*6−*y*−*x*; see also Figure [3](#anie201603916-fig-0003){ref-type="fig"} a). ^1^H NMR studies confirmed the complex formation by revealing pronounced low‐field shifts of the ligand resonances upon coordination of Fe^II^ (SI3.2, SIFig. 14). The respective NH signals experienced a shift to 14 and 16 ppm, forming two different NH resonances in a ratio of 1:8. Two different, highly symmetric parameter sets are present in solution, representing two main molecular species. Fractional crystallization led to the complete removal of the minor species (SIFig. 15). The pure major fraction was studied by single‐crystal X‐ray diffraction, revealing the molecular structure of an interwoven \[2×2\] grid complex, **1S** (Figure [2](#anie201603916-fig-0002){ref-type="fig"} b). The four Fe^II^ ions are situated in distorted FeN~6~ octahedra at the corners of a square while the ligands are arranged in an up--down pattern. At 180 K, all four Fe^II^ ions form Fe−N bonds with lengths typical for low‐spin (LS, *S*=0) Fe^II^ states. This finding was confirmed by the N‐Fe‐N bond angles, the sigma values (SI4.1, SITable 3),[21](#anie201603916-bib-0021){ref-type="ref"} and by magnetic studies (see below).

![The coordination of **L** to Fe^II^ metal ions leads to the tautomerism‐driven emergence of complexity. a) Schematic representation of the cationic moieties of the isolated isomers of the \[2×2\] Fe^II^ ~4~ grid complexes, consisting of **L** (black bars) and Fe^II^ ions (gray spheres). The molecular structures of the two \[Fe~4~ **L** ~4~\]^8+^ tauto‐conformers were determined by single‐crystal X‐ray diffraction. b) Top and side view of **1S**, c) top and side view of **1C** (C black, Fe HS red, Fe LS blue, N green).](ANIE-55-10881-g002){#anie201603916-fig-0002}

Upon short microwave heating of a solution of purified **1S**, a second paramagnetic signal set became visible in the ^1^H NMR spectrum with an NH resonance at 15.9 ppm (SIFig. 16). Moreover, fractional crystallization of the microwave‐irradiated mixture rendered crystals of the second major species. X‐ray diffraction revealed the conformational isomer **1C**, in which the coordinated ligand **L** adapts the C conformation (Figure [2](#anie201603916-fig-0002){ref-type="fig"} c). The average Fe−N bond lengths, N‐Fe‐N bond angles, and sigma values for **1C** indicate that at 180 K, all four Fe^II^ ions are now in the HS state, in contrast to the situation found in **1S** at the same temperature. A detailed structural comparison of **1S** and **1C** is provided in SI4.1 and SIFig. 10.

To confirm the distinct character of **1S** and **1C** (to discriminate between two quickly interconverting species), we used ion‐mobility mass spectrometry (IM‐MS, see SI7), a technique that can spatially separate complex cations under the influence of an electric field by affecting their motion by collisions with a buffer gas.[22](#anie201603916-bib-0022){ref-type="ref"}, [23](#anie201603916-bib-0023){ref-type="ref"} In this particular case, travelling‐wave IM‐MS was used to identify the two conformational isomers **1S** and **1C**, which have identical masses (Figure [3](#anie201603916-fig-0003){ref-type="fig"} a), by comparison of the experimentally inferred cross‐sections and computed cross‐sections based on DFT‐optimized structures.[24](#anie201603916-bib-0024){ref-type="ref"}, [25](#anie201603916-bib-0025){ref-type="ref"} Assuming equal ionization efficiencies, the relative amounts of the two species can also be determined by deconvoluting the arrival time distributions (for details, see SI7) for the doubly charged **1C**/**1S** species \[Fe~4~L~4~−6H\]^2+^ (Figure [3](#anie201603916-fig-0003){ref-type="fig"} b) and integrating the corresponding peaks. Interestingly, a third, intermediate species (**IS**) could be detected as an additional peak at approximately 5.3 ms (SIFig. 25). The three species **1C**/**1S**/**IS** were present in relative amounts of about 65, 25, and 10 %, respectively. The structure of **IS** appears to correspond to a tetramer with mixed **L~S~**/**L~C~** ligands (SIFig. 26, 27).

![IM‐MS analysis to distinguish the isomeric complexes (with identical *m*/*z* ratios). a) Mass spectrum (reaction solution) of **1**; peaks that are due to \[Fe~4~L~4~−6H\]^2+^ are shown in green. b) Arrival time distributions (ATDs) for \[Fe~4~ **L** ~4~−6H\]^2+^: **1C** (top, in red), **1S** (middle, in blue), and the as‐synthesized mixture (bottom, in black); the arrows indicate an intermediate species (**IS**, for details see SI7).](ANIE-55-10881-g003){#anie201603916-fig-0003}

To determine the magnetic properties of the tauto‐conformers **1S** and **1C**, they were analyzed by temperature‐dependent magnetometry (Figure [4](#anie201603916-fig-0004){ref-type="fig"} a). The *χT* product of **1C** at room temperature gave a value of 13.2 cm^3^ K mol^−1^, and remained stable between 370--35 K. However, below 35 K, the *χT* value decreased rapidly, reaching a minimum value of 10 cm^3^ K mol^−1^ at 5 K. This drop was attributed to the zero‐field splitting of the energy levels of the Fe^II^ HS ions in an octahedral coordination environment. For mononuclear model complexes representing the two different Fe^II^ centers of the \[2×2\] grid complex **1C**, the *D* tensors of the lowest quintet states as well as the Zeeman splittings of the five components were calculated by complete self‐consistent field (CASSCF)[26](#anie201603916-bib-0026){ref-type="ref"} calculations and spin orbit configuration interaction (SOCI);[27](#anie201603916-bib-0027){ref-type="ref"} the magnetic field was included as a finite perturbation (for details, see SI8). By means of effective Hamiltonian theory,[28](#anie201603916-bib-0028){ref-type="ref"} we obtained *D* values of −30 cm^−1^ and *D*=−36 cm^−1^, respectively. These values were used as starting points for fitting the measured magnetic susceptibilities of **1C**, whereby the magnetic exchange couplings *J~ij~* are assumed to be close to zero. A reasonable agreement with the experimental data was found by assuming that all centers have the same values for *g* (2.11) and *D* (−6 cm^−1^) and an *E*/*D* value of 1/3 (see SIFig. 31, SITab. 4).

![a) *χT* vs. temperature plots (*B*=0.1 T) of **1C** (red) and **1S** (blue). b) Experimental nuclear resonance vibrational spectroscopy (NRVS) data of **1S** confirming the spin crossover behavior; the regions with spin marker bands for the HS and LS states are indicated by boxes.](ANIE-55-10881-g004){#anie201603916-fig-0004}

For **1S**, a *χT* value of 13.5 cm^3^ K mol^−1^ was measured at 520 K, but a gradual decrease with *T* ~1/2~=310 K was observed upon decreasing the temperature; these are typical features of a spin crossover (SCO) process (for details, see SI4).[29](#anie201603916-bib-0029){ref-type="ref"} We can thus deduce from the magnetic susceptibility data that **1S** exhibits all typical features of SCO.[20](#anie201603916-bib-0020){ref-type="ref"} To confirm this result, a ^57^Fe‐enriched sample of **1S** was analyzed by nuclear resonance vibrational spectroscopy (NRVS; Figure [4](#anie201603916-fig-0004){ref-type="fig"} b). The collected data led to the conclusion that **1S** has a diamagnetic ground state with all four Fe^II^ ions in the LS state at 80 K. At 250 K, SCO begins to take place, and is almost completed at 400 K, where all Fe^II^ ions are in the HS state. These results were also confirmed by the nuclear forward scattering data (see SI6/SIFig. 21).

The observed differences in the magnetic behavior of **1S** and **1C** can be understood as a direct consequence of the divergent coordination behavior of ligand **L**, which leads to the parallel emergence of two isomers with distinctly different physical properties, in our case exemplarily shown for the magnetic properties. The interwoven arrangement in complex **1S** reduces the distortion of the octahedral Fe{N~6~} coordination polyhedra, thus favoring SCO behavior, whereas in **1C**, the backbones of two opposite C ligands point towards each other because of the intrinsic up--up/down--down coordination mode (see Figure [2](#anie201603916-fig-0002){ref-type="fig"}). This strained arrangement leads to an additional distortion of the {N~6~} ligand environment of the Fe^II^ ions in **1C**, a situation that forces the Fe^II^ metal ions to remain in their HS state.

In conclusion, we have shown that after addition of Fe^II^ ions, the homoditopic ligand **L** renders increased multiplicity[1](#anie201603916-bib-0001){ref-type="ref"} by a tauto‐isomerization process, expressing complexity through the formation of multiple coordination products. Among them, the two dominant isomeric tauto‐conformers **1S** and **1C** of the \[2×2\] Fe^II^ ~4~ grid type could be isolated as crystals. The distinctness of the isomeric products **1S** and **1C** was confirmed by IM‐MS in the gas phase, and their contrasting magnetic behavior was also analyzed, revealing the presence of Fe^II^ SCO for **1S** while **1C** is blocked in the HS state. The metastable product **1S** could be converted into the thermodynamic product **1C** by microwave heating. These results highlight how relatively simple molecular systems (here one homoditopic ligand **L**) can be turned into complex systems by the deconvolution of their inherent multiplicity following the rules of divergent coordination chemistry. In the future, additional parameters generating multiplicity, for example, chirality and stereoselectivity, will be included to improve our understanding of the emergence of complexity and hierarchy in chemistry and biology.
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